Cobalt was electrodeposited onto chemical vapor deposition (CVD) graphene/Si/SiO 2 substrates, during different time intervals, using an electrolyte solution containing a low concentration of cobalt sulfate. The intention was to investigate the details of the deposition process (and the dissolution process) and the resulting magnetic properties of the Co deposits on graphene. During and after electrodeposition, in-situ magnetic measurements were performed using an (AGFM). These were followed by ex situ morphological analysis of the samples with ∆t DEP 30 and 100 s by atomic force microscopy in the non-contact mode on pristine CVD graphene/SiO 2 /Si. We demonstrate that it is possible to electrodeposit Co onto graphene, and that in-situ magnetic measurements can also help in understanding details of the deposition process itself. The results show that the Co deposits are ferromagnetic with decreasing coercivity (H C ) and demonstrate increasing magnetization on saturation (M SAT ) and electric signal proportional to remanence (M r ), as a function of the amount of the electrodeposited Co. It was also found that, after the end of the dissolution process, a certain amount of cobalt remains on the graphene in oxide form (this was confirmed by X-ray photoelectron spectroscopy), as suggested by the magnetic measurements. This oxide tends to exhibit a limited asymptotic amount when cycling through the deposition/dissolution process for increasing deposition times, possibly indicating that the oxidation process is similar to the graphene surface chemistry.
Introduction
Cobalt electrodeposits, due to their potential applications as digital storage devices, have attracted a great deal of interest from researchers. Most studies about cobalt electrodeposition have been performed on a variety of substrates, such as carbon-based materials [1] [2] [3] [4] , gold [5, 6] , nickel [7] , copper [8] and platinum [9] , as working electrodes (WE). Carbonbased substrates have frequently been used as electrodes because they are inert surfaces that result in low hydrogen formation at high negative potential [10] .
Cobalt electrodeposition on highly oriented pyrolytic graphite (HOPG) [1, 4] and glassy carbon [2, 11] substrates has been studied. Specifically, Grujicic and Pesic [2] published a study on cobalt nucleation mechanisms on a glassy carbon electrode starting from different ammonium sulphate aqueous solutions and using different techniques, such as cyclic voltammetry and chronoamperometry. The dependence on variables such as the solution pH, temperature, cobalt concentration, scan rate and cobalt deposition potential has been evaluated. Chronoamperometric and atomic force microscopy (AFM) analyses showed ambigu-http://carbonlett.org KCl; all chemicals were of high purity class. The pH was adjusted to 3.5 ± 0.1 by adding 1 mM sulfuric acid. Platinum wire was used as the counter electrode; the reference electrode was saturated calomel electrode (SCE). Prior to the electrodeposition, a cleaning treatment was performed on the samples in order to remove residual polymethyl methacrylate (PMMA) that originated from the process of graphene transfer from copper to the SiO 2 /Si substrate, and also to remove any impurities generated during the cutting and handling process. After cutting the substrate, graphene was washed in acetone at 40°C for 15 min and then rinsed with isopropanol alcohol. Water free N 2 gas was then used to blow the substrate dry; substrate was then baked in air at 200°C for 10 min to reduce remaining trapped humidity [14] .
In-situ magnetization measurements were performed using an AGFM [15] ; hysteresis loops were acquired after each of five different deposition time intervals (30, 50, 70, 80 and 100 s). In sequence, for each time interval, the cobalt previously deposited was dissolved and the new sample was deposited onto the same substrate in the new time interval. The electromagnet was able to provide a maximum of 4 kOe of applied magnetic field. A small electrolytic cell was placed in the magnet poles gap and connected to the electrochemical setup. The WE was attached to the far end of the AGFM rod (composed of a piezo + glass rod + glass plate) and connected to a potentiostat. The active surface area of the WE to be exposed to the electrolyte was limited by painting the substrate with nail varnish without magnetic contaminants, and typically had an area of 6-10 mm 2 . Magnetic measurements were performed in a parallel magnetic field configuration, that is, the applied field was always parallel to the graphene surface. The electrical charge (Q) involved in the electrodeposition process, which charge is proportional to the amount of material deposited, was calculated using the area of the graph, obtained from the cobalt dissolution curves [16] . The morphology of some of the cobalt electrodeposits was examined with a Park NX10 AFM (Park Systems, Korea).
The cyclic voltammetry process, shown in Fig. 1 , was performed in the classical three-electrode configuration and was used to determine the best cathodic Co deposition potential for the running of our experiments. The cathodic and anodic regions associated with the deposition and dissolution of cobalt on CVD ous results: from the analysis of the electrochemical process it was concluded that a progressive cobalt nucleation mechanism was occurring, while from AFM it was observed that the deposition mechanism was one of instantaneous nucleation. The groups explained this discrepancy by claiming that the deposition process involved the formation of three different types of cobalt based species: metallic cobalt, cobalt oxide, and cobalt hydroxide, each one with its own growth rate.
A study that examined the initial stages of cobalt electrodeposition on an HOPG working electrode using in situ electrochemical-scanning probe microscopy and two different sulphate electrolyte solutions (sodium sulphate and ammonium sulphate) was published in 2008 by Rivera et al. [4] . In both solutions, AFM and scanning electron microscopy showed random isolated cluster formation on the HOPG surface, with sizes dependent on the type of electrolyte solution used. By using ammonium cations, more cobalt nucleation sites were obtained, which increased the HOPG surface coverage.
Two studies were found in the literature related to material electrodeposition on graphene monolayers. One was published by Xu et al. [12] in 2012; in this study, ZnO nanotubes were grown directly on a graphene monolayer by galvanostatic electrodeposition. The other study was published by So et al. [13] in 2012, and detailed how regions with defects on CVD graphene/Si/SiO 2 surface could be investigated through electrochemical deposition of Au nanoparticles. They concluded that Au nanoparticles decorated regions in which morphological deformations on graphene were present and that these deformations could be especially associated with regions where Cu grain boundaries existed before transferring it to Si/SiO 2. That is, some of the morphology characteristics acquired by graphene when it was deposited onto Cu, "accompanied" the graphene when it was afterward transferred to the Si/SiO 2 substrate.
The apparent non-existence of studies on the electrodeposition of magnetic materials on graphene monolayer opens a space to investigate the morphological and magnetic properties of cobalt electrodeposited onto CVD graphene/insulating substrates; this study should allow us to find a route to obtain wellcontrolled and structured cobalt that can be used in magnetic electrodes in magneto conductivity experiments. In this work, we electrochemically deposited Co on CVD graphene/SiO 2 /Si substrates and, simultaneously, performed in situ magnetic measurements of the samples. Subsequently, we used AFM in the non-contact mode to study the morphology of the cobalt electrodeposits.
Experimental
Cobalt nanostructures were potentiostatically electrodeposited onto CVD graphene/SiO 2 /Si substrates functioning as the working electrode. These substrates were acquired from Graphenea ® (Spain); substrates were originally produced by CVD on copper and subsequently transferred to SiO 2 /Si substrates. Our Raman spectroscopy analysis of the substrates confirmed the claim of the supplier that the graphene was mostly monolayer. The solution used as electrolyte contained a low concentration of cobalt sulfate, 5 mM CoSO 4 + 10 ing" potential, the MxH curves were acquired. After this, the deposits were dissolved by scanning the potential from -0.6V to 0 V at a 5 mV/s rate. Fig. 2 shows the MxH curves, which were acquired in a parallel configuration for the five samples produced at 30, 50, 70, 80 and 100 s deposition time intervals graphene/SiO 2 /Si can be seen in the figure. In this particular case, the cobalt deposition begins at -1.05 V, but any potential value chosen between 1.05 V and -1.15 V can provides a magnetic material deposit. Between -1.15 V and -1.4 V, the absolute value of the current density decreases and, simultaneously, there is an accompanying increment of hydrogen formation. Scanning the applied potential in reverse mode, it was observed that for values between -0.6 V and -0.25 V in the anodic region, there was a dissolution of the previously deposited cobalt. The potential chosen for our experiments was -1.06 V, which allows for deposits at low speed in order to provide a better control of the cobalt deposition on CVD graphene. Electrodeposition and magnetization parameters and data were computer controlled and acquired.
Results and Discussion

Magnetic analysis
Once the cobalt deposit potential of -1.06 V had been decided on, five depositions were made, all on the same CVD graphene/ SiO 2 /Si substrate. After the deposition, the system was adjusted to set a fixed value of potential of -0.6 V because, at this potential, no cobalt deposition or dissolution occurs. For this "stand- be seen in the hysteresis loops (MxH) measured for each sample (Fig. 6 ). As can be seen, the hysteresis does not saturate up to the maximum available magnetic field (4 kOe), indicating that they can be associated with the remains of Co in the form of Co oxide (antiferromagnetic), which are hard or impossible to saturate and are chemically stable and, therefore, hard to dissolve.
In Fig. 7a , the maximum magnetizations are shown, extracted from the values in Fig. 6 , at 4 kOe for each sample; the values confirm that, after dissolution, the amount of cobalt atoms on the CVD graphene/SiO 2 /Si increases with larger deposition time intervals. Fig. 7b provides a graph of the ratio value between the electric signal proportional to magnetization on saturation of each sample after the deposition process and its magnetization on 4 kOe after the dissolution.
From the results of the X-ray photoelectron spectroscopy (XPS) analysis performed on a sample subjected to Co dissolution, it was found that the cobalt is in an oxide form, which is consistent with the MxH curves shown in Fig. 6 , and which is characteristic of an antiferromagnetic material. In Fig. 8 are shown the large and high resolution (for Co 2p) XPS spectra, respectively, acquired after the magnetic material dissolution and, in Table 1 , the number of elements as a function of binding energies for the same sample is shown [19] .
Morphological analysis
Sample morphological analysis was performed ex-situ in an AFM in the non-contact mode and in a controlled humidity en-
For all cobalt deposits, magnetic saturation occurs at H = 2 kOe, when this field is applied parallel to the graphene surface. Fig. 3 shows the coercivity (H c ), the electric signal proportional to magnetization on saturation (M SAT ), and the electric signal proportional to remanence (M r ) behavior of the cobalt samples versus the deposition time intervals. The coercivity decreases with increasing amount of cobalt present in the sample, possibly indicating that an increasing amount of deposited material tends to evolve progressively into a softer magnetic material. The electric signal proportional to remanence follows the same behavior as the electric signal proportional to magnetization on saturation, and both increase with increasing amount of magnetic material.
From the anodic polarization curves (dissolution) shown in Fig. 4 , the electrical charge that evolves during the cobalt electrodeposition process was estimated by calculating the area under the dissolution curves. Usually, anodic polarization curves can be used to estimate the material thickness according to Faraday's law [16, 17] ; however, since CVD graphene/SiO 2 /Si has certain structural defects and discontinuities [14, 18] , estimation of the cobalt thicknesses using this material could be erroneous. That is why in Fig. 5 we present only the total electrical charge from the cobalt dissolution for each of the five samples.
It is important to notice that the amount of cobalt dissolved in each case does not correspond to the total amount of cobalt electrodeposited onto the graphene. This can be asserted because there is still a magnetic signal remaining after dissolution, as can [14, 18, 20] , imperfections and gaps in the graphene coverage on silicon dioxide, probably introduced during the transfer process and/or during the growth process of the carbon structure on the catalyst substrate (copper, in this case). The bright spots are, probably, some residual PMMA remaining on the CVD graphene surface after the cleaning process. The region covered with graphene is identified by (1) , whereas the region without graphene is identified by (2) . Fig. 9b shows the cobalt morphology for the 30 s electrodeposition. We can observe preferential and thicker deposits at the grain boundaries and at wrinkles. Cobalt covers a large area of the analyzed region; however, in this situation, some holes can be easily identified. Fig. 9c shows the morphology of the 100 s cobalt electrodeposit; it seems to cover all of the analyzed surface. Graphene wrinkles are not identifiable anymore due to the film thickness; one can further observe that there are certain regions with cobalt protrusions higher than those in other regions, indicating that cobalt electrodeposition does not occur in a homogeneous form.
Conclusions
Cobalt was successfully electrodeposited onto CVD graphene/SiO 2 /Si substrates at different time intervals of 30, 50, 70, 80 and 100 s. During and after electrodeposition, in situ magnetic measurements were performed using an AGFM. It was found that the electric signal proportional to magnetization on saturation, and the electric signal proportional to remanence, increase with increasing of the cobalt deposition time. The coercive field basically decreases as a function of the amount of deposited magnetic material (ferromagnetic), since this tends to be a magnetically soft material. The amount of cobalt remaining on the substrate after the dissolution process increases with increasing deposition time interval, indicating the presence of Co in oxide form, which was confirmed by XPS analysis, which was suggested by the magnetic measurements. This oxide tends to have a limited asymptotic amount when cycling the deposition/ dissolution process for increasing deposition times, possibly indicating that the oxidation process is similar to the graphene surface chemistry. Cobalt in oxide form is hard or impossible to saturate and, therefore, hard to dissolve. Measurements were followed by ex situ morphological analysis of the samples with ∆t DEP 30 and 100 s by AFM in the non-contact mode, and on a pristine CVD graphene/SiO 2 /Si. The morphological analysis of the cobalt electrodeposits on CVD graphene/SiO 2 /Si indicated that magnetic material deposits occur preferentially at wrinkles and grain boundaries. For longer deposits, we can see nonhomogeneous cobalt growth and, thereafter, some regions with cobalt protrusions higher than those in other regions. Here it is necessary to note the importance of the in situ magnetic measurements in this work, which can also help in the understanding of the details of the deposition process itself. 
